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Available online 22 September 2016West Nile virus (WNV) has a complex eco-epidemiology with birds acting as reservoirs and hosts for the virus.
Less well understood is the role of reptiles, especially inwild populations. The goal of our studywas to determine
whether awild population of snakes in Pennsylvania harboredWNV. Six species of snakeswere orally sampled in
the summer of 2013 and were tested for the presence of WNV viral RNA using RT-PCR. Two Eastern Garter
Snakes, Thamnophis sirtalis sirtalis tested positive for viral RNA (2/123, 1.62%). These results indicate a possible
role for snakes in the complex transmission cycle of WNV.
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VirusWest Nile virus (WNV) has posed enormous health problems both
to the public and wildlife since it arrived in the United States in 1999.
Costs to wildlife have been arguably higher as compared to humans;
millions of birds have died fromWNV and for some species and locales
N50% of the population has perished [1]. Although the importance of
birds in WNV transmission is well-understood, the eco-epidemiology
of WNV is complex and the role that other vertebrates might play in
the transmission cycle is virtually unknown. It has been shown that rep-
tiles play a role in the transmission cycle of other flaviviruses, such as
western and eastern equine encephalitis virus and St. Louis encephalitis
virus [2–10]. In laboratory settings, several species including Green
Iguanas (Iguana iguana), Eastern Garter Snakes, Red-Ear Sliders
(Trachemys scripta elegans), North American Bullfrogs (Lithobates
catesbeianus) and Western Fence-Lizards (Sceloporus occidentalis) de-
velop detectable viremia titers of WNV [11–13], and snakes have died
after developing high titers of WNV [12]. Among the herpetofauna,
WNV has been shown to be most pathogenic in Crocodilians, causing
high titer viremias in several countries (For a review see [14]. Despite
the mounting evidence that reptiles may indeed play a role in WNV
ecology, knowledge of WNV in reptiles generally comes from experi-
mental infections or farmed individuals rather than wild populations.
Nevertheless, a recent study found that WNV antibodies in wild
Morelet's crocodiles (Crocodylus moreletii) in Mexico were as high ashnstown, 450 Schoolhouse Rd.,
. This is an open access article under41%, indicating that studies on wild animals can provide novel insights
into the eco-epidemiology of WNV [15].
In order to better understand the eco-epidemiology of WNV in non-
avian wildlife, we set out to assess the presence of WNV RNA in wild
snakes. We conducted our study in Pennsylvania, a state that has har-
bored WNV since 2000 and exhibits fluctuating levels of WNV [16].
For example, 2003 represented a high year with all 67 counties testing
positive for WNV, while 2013, the year of our study, was intermediate
with 42 positive counties and 5.9% of mosquito pools testing positive.
West Nile virus increased again in 2015 with 56 positive counties and
14.5% of mosquito pools testing positive [16]. The presence of WNV in
Pennsylvania's wildlife has been only monitored through sporadic test-
ing of live birds [17] and to our knowledge there are no reports onWNV
testing in Pennsylvania reptiles.
Snakes were sampled between May and July 2013 at one wetland
site and various grassland sites at Powdermill Nature Reserve (PNR),
which is a field station owned and operated by the Carnegie Museum
of Natural History (40°10′N, 79°16′W; elevation 400 m). The reserve
is 856.2 ha in size and located in Rector, Westmoreland County, Penn-
sylvania. Snake populations have been monitored at PNR since 2002
using 1 × 3m corrugatedmetal cover boards [18]. In the 2013 sampling
season snakes were beingmonitored for ecological purposes under Per-
mit No. 119 of the Pennsylvania Fish and Boat Commission, which also
allowed us to opportunistically sample snakes for WNV. All captured
snakes have been fitted with AVID Passive Integrated Transponder
Tags [18], which allowed for individual identification of previously cap-
tured and new snakes. Captured snakes were individually marked, spe-
cies and sex identified, and orally swabbed with a long sterile cottonthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Sampling information and WNV positivity for snake species sampled at the Powdermill
Nature Reserve, Westmoreland County, Pennsylvania, USA, in 2013.
Species Sample size Sex of snake
Male Female Unknown WNV positive
Diadophis p. punctatus 7 5 2 0 0
Nerodia s. sipedon 6 3 3 0 0
Scotophis spiloides 4 2 1 1 0
Storeria d. dekayi 2 0 2 0 0
Storeria o.
occipitomaculata
30 1 29 0 0
Thamnophis s. sirtalis 73 18 54 1 2
Unknown 1 1 0 0 0
Total 123 30 91 2 2
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stored with Tris Borate Ethylenediaminetetraacetic Acid buffer and
maintained at−20 °C to preserve viral RNA.
Viral RNA was extracted and PCR analysis was done as previously
described [17]. Briefly, viral RNA was extracted from oral samples by
using the QIAamp viral RNA kit (QIAGEN, Valencia, Calif.) [19,20]. RNA
was eluted from the QIAgen columns in a final volume of 100 μL of elu-
tion buffer and was stored at−80 °C until used. The PCR primers of the
NS5 genewere used to detectWNV [21]. The NS5 gene is shared among
the Japanese encephalitis virus complex, and thus we cannot say with
100% certainty that our positive detections of flavivirus RNA was indic-
ative ofWNV as opposed to a related virus.WNV is generallymore com-
mon in PA and thus more likely to be detected using this methodology.
Viral RNA was converted to cDNA by utilizing the PowRSybr One-Step
RNA to CT Kit from Life Technologies. Five microliters of RNA and
50 pmol of each primer were used in a 50-μL total reaction volume by
following the manufacturer's protocol with cycling times as indicated
by Lanciotti et al. [21]. After the RT-PCR was performed, a 5-μL portion
was analyzed by agarose gel electrophoresis and the DNA was visual-
ized by ethidium bromide staining. WNV RNA, strain NY99, obtained
from the reference collection maintained at the Division of Vector-
Borne Infectious Diseases, Centers for Disease Control and Prevention
(CDC) was used as a positive control in the RT-PCR assay.
To assess the confidence of no infection in the absence of disease, we
calculated adjusted Wald intervals and LaPlace point estimates for all
species with samples sizes that were N10 individuals [22].
Oral samples consisted of 123 individuals from six species of snakes
(Northern Ringneck Snake, Diadophis punctatus punctatus, Northern
Water Snake, Nerodia sipedon sipedon, Midland Rat Snake, Scotophis
spiloides, Northern Brown Snake, Storeria dekayi dekayi, Northern
Redbelly Snake, Storeria occipitomaculata occipitomaculata, and Eastern
Garter Snake) (Table 1). The Eastern Garter Snake was the most com-
monly encountered species during our sampling, representing 59% of
the snakes, and the source of the two positive samples (Table 1). Confi-
dence intervals (CE) for the two species with N10 sampled individuals,
which was the Eastern Garter Snake and the Northern Redbelly Snake,
had a lowCE that ranged between 0 and 0.002 and a high CE that ranged
between 0.09 and 0.1 (Table 2). Point estimates ranged from 0.03 to
0.04 (Table 2).
Our study demonstrated that WNV is present in wild snakes and
WNV RNA can be successfully detected from oral swabs. AlthoughTable 2
Confidence intervals and point estimates for snake species with samples N10 from the Powder
Species N N WNV positive
Storeria s. occipitomaculata 30 0
Thamnophis s. sirtalis 73 2only two individuals tested positive (0.016%), these samples were col-
lected from an area now known to have relatively low rates of infection
in birds (0.009%) [17]. Thus,while the confidence intervals and point es-
timates indicated that overall levels of WNV RNA in snakes were low at
PNR, the current rates of positivity are comparable to avian rates. In
addition, while Westmoreland was one of the 42 counties in which
WNV was detected in 2013, there were no human or avian infec-
tions found and only 1.6% of the mosquitos in Westmoreland Coun-
ty tested positive, as opposed to 9% statewide [16]. Since rates of
WNV are so low in Westmoreland County, it raises the possibility
that the RNA we found is evidence of persistence, for which
evidence has been found in other arboviruses [14]. Our study also
contrasts with a study of Eastern Massasaugas, Sistrurus catenatus
catenatus, in which none of the 21 sampled individuals tested
positive for WNV [23].
A question that remains unaddressed from our study is; what is the
role of snakes in the eco-epidemiology of WNV? Some bird species
reach sufficient viremia titres (104–105 PFU/mL) of infectious virus,
thus acting as “competent amplifying hosts” [24,25]. Although mam-
mals and reptiles can act as hosts, they are generally much less compe-
tent hosts than many bird species [26]. Our study was unable to assess
the oral samples for infectious virus, and therefore could not determine
viremia titer. However, experimental data on Eastern Garter Snakes has
indicated this species can reach detectable viremia titers once infected
(5/9 individuals became viremic with up to 105 PFU/mL serum), and
that some individuals can sustain viremia for up to 11 days [12]. These
findings suggest that Eastern Garter Snakes may not only harbor
WNV, but may also serve as competent hosts for the Culex mosquitos
that live in the East [26]. An 11 day period of viremia [12] is longer
than the 1–4 day periods that have been observed in other vertebrates
[11,27–29], which may increase the potential for transmission from in-
fected snakes, highlighting the need for further research [26]. In addi-
tion, Steinman et al. (2006) found that some snakes exhibited signs of
illness prior to death such as weakness and immobility, which could in-
crease their likelihood of being predated upon in the wild. A variety of
raptors and mammals will readily prey upon Eastern Garter Snakes
[30]. Direct, non-vector transmission has been found to be ecologically
important in several species [26,31,32], and it will be worthwhile to in-
vestigate whether reptiles have the potential to orally infect predatory
birds and mammals in the wild if eaten.
Both positive samples in our study originated in Eastern Garter
Snakes, which are the most dominant species in the grasslands at PNR
[33]. Currently we have not sampled a sufficient number of snakes
across species to determine whether this species harbors more WNV,
or if the larger rates at which the Eastern Garter Snake were encoun-
tered led to the increased probability of WNV being detected. It is also
important to note that the six species that we tested represent only a
fraction of herpetofauna across the USA. Thus, although our work
represents an important step in WNV research in wild reptiles, the
inclusion of more snake species at sites with higher rates of WNV,
as well as other reptiles would greatly improve our understanding
of the role of other non-avian vertebrates in WNV transmission.
Another important next step will be to determine whether snakes
in the wild have active viremia, which would clarify the contribu-
tion of snakes to WNV transmission and improve our understanding
of the eco-epidemiology of WNV, both of which have implications
for human health.mill Nature Reserve, Westmoreland County, Pennsylvania, USA, in 2013.
Low CE High CE Margin of Error Point Est.
0 0.09 0.06 0.03
0.002 0.1 0.05 0.04
138 C.R. Dahlin et al. / One Health 2 (2016) 136–138Conflict of interest statement
Conflicts of interest: none.
Acknowledgements
Thanks are due to the staff of PNR and the Carnegie Museum of
Natural History, especially Luke DeGroote, for his tireless support of
our collaborative projects, the Director of PNR, John Wenzel, and
PNR's Operations Coordinator, Cokie Lindsay, for their support through-
out all research projects conducted at the station.We also acknowledge
PNR's previous GIS Manager, James Whitacre, for his cartographical
efforts. We would like to thank Frank Jenkins of the University of
Pittsburgh for providing laboratory space and assistance with sample
processing. Corinne Bozich assisted with sample processing. Statistical
advice was provided by Luis Bonachea. Special thanks are due to Robert
Leberman for his invaluable insight and companionship throughout
many PNRprojects. Funding for this projectwas provided by the Central
Resource Development Fund (9009626) from the University of
Pittsburgh and by the Alice Waters Thomas Fund and the Mentorship
Fund from the University of Pittsburgh at Johnstown.
References
[1] S.L. LaDeau, A.M. Kilpatrick, P.P. Marra, West Nile virus emergence and large-scale
declines of North American bird populations, Nature 447 (2007) 710–713.
[2] R.O. Hayes, J.B. Daniels, H.K. Maxfield, H.E. Wheeler, Field and laboratory studies on
Eastern Encephalitis inwarm and cold-blooded vertebrates, Am.J.Trop.Med. Hyg. 13
(1964) 595–606.
[3] E. Whitney, H. Jamnback, R.G. Means, Anthropod-borne-virus survey in St. Lawrence
Country, New York, Am.J.Trop. Med. Hyg. 17 (1968) 645–650.
[4] K.F. Shortridge, M.H. Ng, A. Oya, M. Kobayashi, R. Munro, F. Wong, et al., Arbovirus
infections in reptiles: immunological evidence for a high incidence of Japanese en-
cephalitis virus in the cobra Naja naja, Trans. R. Soc. Trop. Med. Hyg. 68 (1974)
454–460.
[5] G.S. Bowen, Prolonged western equine encephalitic viremia in the Texas tortoise
(Gopherus berlandierri), Am.J.Trop. Med. Hyg. 1977 (1977) 171–175.
[6] L.A. Thomas, C.M. Elklund, W.A. Rush, Susceptibility of garter snakes (Thamnophis
spp.) to western equine encephalitis virus, Proc. Soc. Exp. Biol. Med. 99 (1958)
698–700.
[7] A. Oya, R. Doi, A. Shiraska, S. Yabe, M. Sasa, Studies on Japanese encephalitis virus in-
fection of reptiles. I. Experimental infection of snakes and lizards, J. Exp. Med. 53
(1983) 117–123.
[8] R.Walder, O.M. Suarez, C.H. Calisher, Arbovirus studies in Guajira region of Venzuela
equine encephalitis viruses during an interepizootic period, Am.J.Trop. Med. Hyg. 33
(1984) 699–707.
[9] A. Steinman, C. Banet-Noach, S. Tal, O. Levi, L. Simanov, S. Perk, et al., West Nile virus
infection in crocodiles, Emerg. Infect. Dis. 9 (2003) 887–889.
[10] A.M. Bingham, S.P. Graham, N.D. Burkett-Cadena, G.S. White, T.R. Unnasch, Detec-
tion of Eastern Equine Encephalomyeletis virus RNA in North American snakes,
Am. J. Trop. Med. Hyg. (2012).
[11] K. Klenk, N. Komar, Poor replication of West Nile virus (New York 1999 strain) in
three reptilian and one amphibian species, Am.J.Trop. Med. Hyg. 69 (2003)
260–262.[12] A. Steinman, C. Banet-Noach, L. Grinfeld, L. Grinfeld, Z. Aizenberg, D. Lahav, et al., Ex-
perimental infection of common garter snakes (Thamnophis sirtalis) with West Nile
virus, Vector Borne Zoonotic Dis. 6 (2006) 361–368.
[13] W.K. Reisen, A.C. Brault, V.M. Martinez, Y. Fang, K. Simmons, S. Garcia, et al., Ability
of transtadially infected Ixodes pacificys (Acari: Ixodidae) to transmit West Nile
virus to song sparrow or western fence lizards, J. Med. Entomol. 44 (2007) 320–327.
[14] R.E. Marschang, Viruses infecting reptiles, Viruses 3 (2011) 2087–2126.
[15] C. Machain-Williams, S.E. Padilla-Paz, M. Weber, R. Cetino-Trejo, J. Juarez-Ordaz, M.
Lorono-Pino, et al., Antibodies to West Nile virus in wild and farmed crocodiles in
southeastern Mexico, J. Wildl. Dis. 49 (2013).
[16] PADH, Pennslyvania's West Nile Virus Control Program, 2012 (June 4) http://www.
westnile.state.pa.us/surv_2011.htm.
[17] J.D. Henning, L. DeGroote, C.R. Dahlin, Implementation of a sampling strategy to de-
tect West Nile virus in oral and cloacal samples in live song birds, J. Virol. Methods
222 (2015) 81–84.
[18] W.E. Meshaka Jr., Seasonal activity and breeding seasons of snakes from Powdermill
Natur Reserve in Western Penssylvania: the importance of site-specific data in land
management programs, Herpetol. Conserv. Biol. 5 (2010) 155–165.
[19] N. Komar, R. Lanciotti, R. Bowen, S. Langevin, M. Bunning, Detection of West Nile
virus in oral and cloacal swabs collected from bird carcasses, Emerg. Infect. Dis. 8
(2002) 741–742.
[20] O.A. Ohajuruka, R.L. Berry, S. Grimes, S. Farkas, West Nile virus detection in kidney,
cloacal, and nasopharyngeal specimens, Emerg. Infect. Dis. 11 (2005) 1437–1439.
[21] R. Lanciotti, A. Kerst, R. Nasci, M. Godsey, C. Mitchell, H. Savage, et al., Rapid detec-
tion of west nile virus from human clinical specimens, field-collected mosquitoes,
and avian samples by a TaqMan reverse transcriptase-PCR assay, J. Clin. Microbiol.
11 (2000) 4066–4071.
[22] J. Sauro, Confidence Interval Calculator for a Completion Rate, 2005 (3/10/2006)
http://www.measuringu.com/wald.htm.
[23] M.C. Allender, M.A. Mitchell, C.A. Phillips, K. Gruszynski, V.R. Beasley, Hematology,
plasma biochemistry, and antibodies to select viruses in wild-caught Easternmassa-
sauga rattlesnakes (Sistrurus catenatus catenatus) from Illinois, J. Wildl. Dis. 42
(2006) 107–114.
[24] N. Komar, S. Langevin, S. Hinten, N. Nemeth, E. Edwards, D. Hettler, et al., Experi-
mental infection of North American birds with the New York strain of the 1999
strain of West Nile virus, Emerg. Infect. Dis. 9 (2003) 311–322.
[25] E. Pérez-Ramírez, F. Llorente, M.Á. Jiménez-Clavero, Experimental infections of wild
birds with West Nile Virus, Viruses 6 (2014) 752–781.
[26] K.M. van den Meulen, M.B. Pensaert, H.J. Nauwynck, West Nile virus in the verte-
brate world, Arch. Virol. 150 (2005) 637–657.
[27] S.A. Langevin, M. Bunning, B. Davis, N. Komar, Experimental infection of chickens as
candidate sentinels for West Nile Virus, Emerg. Infect. Dis. 7 (2001) 726–729.
[28] L.E. Austgen, R.A. Boweb, M.L. Bunning, B.S. Davis, C.J. Mitchell, C.J. Chang, Experi-
mental infection of cats and dogs with West Nile Virus, Emerg. Infect. Dis. 10
(2004) 82–86.
[29] M.L. Bunning, R.A. Bowen, C.A. Cropp, K.G. Sullivan, B.S. Davis, N. Komar, et al., Ex-
perimental infection of horses with West Nile Virus, Emerg. Infect. Dis. 8 (2002)
380–386.
[30] C.H. Ernst, E.M. Ernst, Snakes of the United States and Canada, Smithsonian Institu-
tion Press, Washington, D.C., 2003
[31] C. Banet-Noach, L. Simanov, M.Malkinson, Direct (non-vector) transmission ofWest
Nile virus, Avian Pathol. 32 (2003) 489–494.
[32] H.S. Ip, A.J. Van Wettere, L. McFarlane, V. Shearn-Bochsler, S.L. Dickson, J.D. JBaker,
et al., West Nile Virus transmission in winter: the 2013 Great Salt Lake bald eagle
and eared grebe mortality event, PLOS Currents (2014).
[33] W.E. Meshaka Jr., S.D. Marshall, T.J. Guiher, L. Zemba, Grassland Snake Assemblages
in Central and Western Pennsylvania and Northeastern Ohio, USA, Herp Bull, 110
(2009) 8–19.
